Blood lead concentrations are higher in young children than in other age groups, whereas little is known regarding concentrations of other metals in young children. We measured the concentrations of a suite of metals in the blood of children 1-6 years of age, and assessed potential differences by age, season, or region of Maine. We used blood submitted to the Maine State Health and Environmental Testing Laboratory for blood lead analysis to determine the concentrations of arsenic (As), antimony (Sb), cadmium (Cd), manganese (Mn), mercury (Hg), selenium (Se), tin (Sn), and uranium (U) in 1350 children 1-6 years of age. The essential metals Mn and Se were detected in all samples, and As and Sb were detected in 490% of samples. Hg was detected in approximately 60% of samples. U and Cd were less often detected in blood samples, at approximately 30% and 10% of samples, respectively. Sn was not detected in any sample. Concentrations of As, Hg, and Se increased with age, whereas Sb decreased with age. Concentrations also varied by season and region for some though not all metals. Significant pairwise correlations were observed for a number of metals. Blood is a reasonable compartment for measurement of most of these metals in young children. The use of convenience samples provided a cost-effective mechanism for assessing exposure of young children in Maine.
Introduction
There is increasing concern regarding exposure to environmental contaminants among the general population of the United States and other countries. Particular concern has been raised with respect to exposure to young children because they may be more vulnerable to adverse health effects than adults. The US Centers for Disease Control and Prevention have an ongoing program to monitor concentrations of a number of chemicals, including some metals, in blood and urine of individuals of various ages (CDC, 2009) . European governments have similar biomonitoring programs (e.g., Wilhelm et al., 2004 Wilhelm et al., , 2006 . In addition, individual investigators in many countries have determined body burdens of various contaminants, either as the sole subject of the study or as part of an assessment of health effects. All of these approaches require significant resources.
A number of metals of concern are known to produce toxicity in both adults and children. Some of these metals are neurotoxicants, including mercury (Hg), manganese (Mn), arsenic (As), cadmium (Cd), and perhaps uranium (U) (Zhang et al., 1995; NRC, 2000; Schantz and Widholm, 2001; Wasserman et al., 2004 Wasserman et al., , 2006 Lestaevel et al., 2005; Houpert et al., 2005) . Similarly, Hg, Cd, and As affect endocrine function, including thyroid function (Glattre et al., 1995; Schantz and Widholm, 2001) . Antimony (Sb), As, U, and Cd have apparent carcinogenic activity, whereas Cd, As, and U are nephrotoxic (EPA IRIS; Fowler, 1993; Madden and Fowler, 2000; Hornung, 2001; Sanchez et al., 2001; De Boeck et al., 2004; Taulan et al., 2004; Smith et al., 2006) . Excessive selenium (Se) exposure may produce gastrointestinal symptoms, liver dysfunction, loss of hair and nails, nervous system impairment (Olson, 1986) , and hematological and thyroid effects (Kumar et al., 2008) . Metals may also interact to produce effects on target organ systems. There is some evidence, for example, that co-exposure to Cd and As produces greater renal damage than either metal alone (Nordberg et al., 2005) . Similarly, As and Mn (Wright et al., 2006) or Mn and lead (Kim et al., 2009 ) may interact in producing neurotoxicity in children.
Children in Maine may be at risk for undue exposure to specific metals. Elevated levels of As, U, Mn, and Sb have been reported in private wells as well as some public water systems in Maine. Approximately half of Maine households obtain their drinking water from private wells. A statewide random-dial, population-based survey of private well owners found that 12% of wells had As levels above the federal drinking water standard of 10 mg/l, and that 5% of wells had levels above the standard for U of 30 mg/l (Loiselle et al., 2001) . Elevated Mn levels are also routinely encountered, and Sb has been detected in several public water supplies as well as private wells throughout Maine. We also hypothesized that young children in Maine may have increased body burdens of Hg, given that women of child-bearing age living along the coast or in the northeast have higher body burdens of Hg than other segments of the US population (Mahaffey et al., 2009) .
In this study, we used residual volumes of venous blood samples originally submitted to the Maine Health and Environmental Testing Laboratory for analysis of lead concentrations to determine the concentrations of a suite of other metals in blood of young children. Metals for this study were chosen on the basis of potential and perhaps unique exposure in Maine, the amount of blood available for analysis, and laboratory capacity. In this study, we measured blood concentrations of eight metals in children 1-6 years of age: As, Sb, Cd, Hg, Mn, Se, tin (Sn), and U.
An additional purpose of the study was to determine the feasibility of using such convenience samples to monitor contaminants in children's blood. By state law, Maine requires that all tests of blood lead concentrations in children o6 years of age be performed by the state Health and Environmental Testing Laboratory (22 MRSA y1319-A). Maine statute further requires that blood be collected for lead analysis from all 1-and 2-year-old children enrolled in MaineCare (health coverage for low-income families) and all other 1-and 2-year-old children unless a health-care provider determines through an assessment that the child's environment presents a low risk for lead exposure (22 MRSA y1317-D). Blood lead analyses are also regularly performed on older children (ages 3-6 years old). Roughly two-thirds of children in Maine have at least one blood lead test by age 36 months. Enhanced analytical capacity in public health laboratories (e.g., inductively coupled plasma F mass spectrometry) have made multi-elemental analyses on biological specimens feasible. The use of convenience samples provides a potential way to operate a biomonitoring programs without the added costs of sample collection F an approach similarly piloted with residual dried blood spots collected for routine newborn screening for metabolic and genetic disorders (Chaudhuri et al., 2009 ).
Methods

Study Design and Sample Characteristics
Blood samples for the present analysis were chosen from venous samples submitted for analysis of blood lead concentrations to the State Health and Environmental Testing Laboratory. Approximately 40% of the nearly 15,000 blood lead samples submitted annually to the state laboratory are first-draw venous samples. Blood samples for this study were collected over the course of a year, beginning in September 2006. Specimens eligible for inclusion were first-draw venous blood samples of children 411 months and o84 months of age. For each of four designated regions of the state (see below for a description of these regions), three venous blood samples for 1-, 2-, 3-, and 4-year olds of each sex submitted to the state analytical laboratory for lead analysis each month were randomly chosen for inclusion in the study. If a sample did not meet the criteria for analysis (see below), another sample was randomly chosen. Owing to the smaller number of blood samples received for 5-and 6-year olds, all venous samples submitted to the state analytical laboratory for lead determination were included.
As permission for analysis other than for lead was not obtained from parents, it was necessary to de-identify these biological specimens in a manner such that subjects could not be identified directly or through identifiers linked to the subjects in accordance with federal regulations for protection of human subjects (45 CFR Part 46 y46.101(b)4.). The protocol for de-identifying subjects was reviewed and approved by the Maine Center for Disease Control and Prevention Institutional Review Board. As a consequence, we were unable to include lead in our analyses for this study, since lead results would provide a way to link back to the original specimens. De-identification required relabeling of sample tubes by an individual otherwise uninvolved with the study, entering the new sample identification codes into a separate database system from that used for lead analysis, and analyses to be performed by a chemist not involved with blood lead analyses. The following information was retained: age in years, sex, season, and region of the state in which the child lives. The seasons were fall (September-November), winter (December-February), spring (March-May), and summer (June-August). These categories correspond roughly with the seasons in Maine with respect to the potential for various activities, time spent indoors and outdoors, and seasonal food choices. The regions represent combinations of counties in Maine (Figure 1 ), and were selected based on natural occurrence of ground water contaminants, with wells in regions 1 and 2 perhaps having higher levels of As and U than other regions, based on limited data. The size of the regions were chosen such that sufficient samples were anticipated to be collected from a particular region to ensure that when data were reported by age, by sex, and by region, sufficient samples were available to conform with the Maine CDC Privacy Policy, which includes a restriction for data release of no fewer than six individuals in any partition. Maine is relatively homogeneous with respect to race and ethnicity with 96.4% identifying themselves as white, 1.0% black, and 1.3% Hispanic (US Census 2008). Therefore, it was not feasible to stratify results based on race and ethnicity. Method code CTL-TMS 3.01 (McShane et al., 2008) . The DRC mode was used for As, Se, and Mn. Results are total metal concentrations; no speciation of metal forms was performed.
Analytical Methods
The Maine State Health and Environmental Testing
Samples were stored at À20 C until analyzed, which occurred approximately once every 3 months. Criteria for unacceptable specimens were: low volume (o0.5 ml), presence of visible clotting, or suspected contamination because of improper collection procedures or collection devices.
As a result of the unique panel of metals being analyzed in a blood matrix, no blood-based reference materials were commercially available. The accuracy of the method was evaluated by spiking NIST traceable aqueous stock standards (CPI International, Santa Rosa, CA, USA) into sheep blood (Quad Five, Rygate, MT, USA) at three different concentration levels for each metal (low, medium, and high). These concentrations were subsequently used as controls after determining mean and SD for low, medium, and high concentrations in 420 analytical runs before analysis of experimental samples. Calibration standards were similarly produced by purchasing aqueous stock standards from a secondary source (SPEX Certiprep, Metuchen, NJ, USA) and spiking sheep blood at concentrations that focused on excellent sensitivity for the low end recovery with a sound dynamic range.
Analytical runs included low, medium, and high control standards at the beginning, end, and after every 20 samples along with a blood-based matrix blank and an aqueous blank. Mean, percent recovery, SD, and percent relative SD (%RSD) were calculated for low, medium, and high controls for each analytical run and monitored throughout the project. Percent recoveries were 97-106 for Cd, 100-102 for Sb, 98-102 for Hg, 88-98 for U, 95-96 for As, 96-104 for Se, and 95-100 for Mn, depending on the concentration of the standard. The %RSDs were 3.7-16.7 for Cd, 3.4-7.0 for Sb, 5.6-18.0 for Hg, 4.1-18.2 for U, 5.6-21.1 for As, 5.2-21.7 for Se, and 4.7-17.4 for Mn.
An extensive effort was put into determining the limit of detection (LOD) by following the Wisconsin Department of Natural Resources Laboratory Certification Programs protocol, validating MDL determinations, part iv.4.1, PBL-TS-056-96 before any of the QC determinations or analytical sequences were performed. LODs (mg/l) were 0.36 for As, 0.16 for Sb, 0.18 for Cd, 5.3 for Mn, 0.15 for Hg, 50 for Se, and 0.025 for U.
Statistical Analyses
Statistical analyses were performed using SAS Ver. 9.2 (SAS Institute, Cary, NC, USA). Selected percentiles were calculated for each metal. Geometric means were computed for concentrations of metals by age, by sex, by season, and by region. Concentrations less than the LOD were assigned a value of the LOD divided by the square root of two for the calculation of geometric means (CDC, 2009) . If the proportion of results below the LOD was 440%, the geometric mean was not calculated (CDC, 2009) . Data for 5-and 6-year olds were combined because there were not enough samples at each age to comply with agency privacy policy for protection of confidentiality. Checks for normality of data distributions were performed using Shapiro-Wilk W-test . Potential differences between sexes were determined using the Mann-Whitney test. Differences by age, season, and region were determined using Kruskal-Wallis one-way analysis of variance followed by Wilcoxon if the KruskalWallis test was significant. Tests for trends across age were performed using the non-parametric Mann-Kendall trend test. The correlation between metals was determined by Spearman rank-sum correlation matrices as appropriate based on tests of normality. Correlations were also determined using all the data, including values below the LOD (Kim et al., 1995) , to avoid censoring the data and thereby limiting the ability to reveal correlations. As a result of significant effects of age for some metals, age-adjusted Spearman's partial correlations were determined. A Bonferroni correction procedure was used to reduce type I error; results were considered significant if Po0.001 for all tests.
Results
Samples were available from a total of 1350 children age 1-6, with between 250 and 300 children in each of the five age categories (Table 1 ). All metals except Sn were detected in blood ( Table 2 ). The essential metals Mn and Se were detected in all samples across 1-6 years of age. As was detected in all but 1% of samples, whereas Cd and U were detected in a minority of samples. Of the metals analyzed in (CDC, 2009) . NHANES is designed to be representative of the non-incarcerated population of the United States. Percentiles of blood Cd and Hg in children 1-5 years of age in NHANES are similar to those in Maine children 1-6 years old (Table 3 ). There were significant differences between the age groups for As, Sb, Hg, and Se (Table 4) . For As, Hg, and Se, blood concentrations in general increased with age, whereas for Sb blood concentrations decreased with age. For As, children 4 and 5-6 years old had higher blood concentrations than 1-year olds. For Hg, 5-to 6-year olds had higher levels than 1-and 2-year olds. For Se, 1-year olds had lower blood levels than all other groups, whereas 5-to 6-year olds had higher levels than 1-and 2-year olds. Sb levels in 5-to 6-year olds were lower than in 1-or 3-year olds. There was a significant increase in concentrations across age for As and Se according to the trend analyses (Po0.001), whereas the trend for Hg did not reach significance according to our strict criterion (P ¼ 0.007) (Figure 2 ). There were no differences between the sexes for any comparison. There were differences among the four regions of Maine for As and Sb. For As, blood concentrations among children living in region 3 were lower than those in other regions, whereas blood levels for Sb region 2 were markedly lower than the other regions and those in region 1 were higher than region 4 (Table 5 ).
There were seasonal differences for the five metals for which geometric means were calculated (Table 6 ). For As, blood concentrations were higher in spring and summer, and levels for these seasons were statistically higher than in the fall and winter. For Hg, concentrations were highest in the spring, with levels in spring being significantly higher than in winter. For Se, blood levels were highest in summer, with summer being higher than other seasons and fall being lower. Blood concentrations of Mn were highest in summer, with summer being higher than other seasons and spring being lower. Concentrations of Sb were highest in summer, with levels in winter being lower than those in summer or fall.
When correlation coefficients were calculated with values below the LOD set at LOD/O2, there were significant positive associations (Po0.001) between As and Cd, As and Hg, As and Se, As and U, Sb and Cd, Sb and U, Mn and Se, and Hg and Se (Table 7) . However, the only correlation coefficients that were suggestive of a reasonably strong relationship were those for As-Hg, As-Se, Sb-U, and Mn-Se. The correlations between As and U, As and Cd, and Hg and Se became non-significant after controlling for age. When correlations were calculated using all the data (i.e., including values below the LOD), the correlation coefficients for the most part did not change appreciably.
Discussion
Seven of the target metals were detected in the blood of Maine children 1-6 years of age, with only Sn being below the LOD for every child. The percentiles for blood concentrations of Hg and Cd were virtually identical to those from NHANES for children of the same age, Blood metals in 1-to 6-year-old children Rice et al.
suggesting that this convenience sample is comparable to the NHANES population. Se concentrations in children in our study were somewhat higher than in adults in NHANES in 2003 (Laclaustra et al., 2009 ), but this may represent an age difference or differences in food sources. As is more typically measured in urine (CDC, 2009 ), but has also been measured in blood (Gebel et al., 1998) . We found As in 99% of blood samples, with an almost threefold difference between the 50th and 95th percentile. NHANES reported just under a fivefold difference between the 50th and 95th percentile values of total As in urine when creatinine corrected for children age 6-11 years (CDC, 2009) . Similarly, Sb is also more typically measured in urine rather than blood (CDC, 2009). We detected Sb in approximately 90% of samples, also with a range of a factor of 3 between the 50th and 95th percentiles; CDC (2009) reported a factor of 4 difference in total urinary levels of Sb for children age 6-11 years. These observations suggest that blood can reasonably be expected to reflect endogenous levels of these two metals. We are not aware of a similar set of data on levels of these metals in blood or urine for children o6 years.
Cd was only detected in 10% of samples in this study, and U in 30%. U was measured only in urine in NHANES, and was detected in the majority of samples in children 6-11 years of age (the earliest age assessed). Cd was measured in both blood and urine of 1-to 5-year-old children in NHANES. Cd was detected in a small fraction of blood samples by the CDC, comparable to our study, whereas it was detected in the majority of urine samples. These findings suggest that blood may not be an optimal compartment for biomonitoring of these metals, at least in young children. In contrast, Cd was detected in approximately half the blood samples of children identified with high blood lead concentrations in a study in the United States (Cao et al., 2009) , and was detected in the majority of German fourth-graders (Link et al., 2007) , with average concentrations in both studies considerably higher than those in this study.
There was a significant increase in blood concentrations across age for Hg, Se, and As, and a trend toward a decrease in Sb concentrations by age. These patterns are different from that of lead, which increases and then decreases across the age range in our study, and presumably reflects exposure through contact with lead by dust and soil. The pattern of exposure to the neurotoxicants As and Hg may have implication for the types of behavioral effects produced. Figure 2 . Concentration in blood (geometric mean ± 95% CI) (mg/l) across age for Hg, As, and Se.
Serum concentrations of Se were also observed to increase across age in young children in a German study (Ru¨kgauer et al., 1997) . No change in Mn levels across ages 1-6 were observed in that study, as was true in this study. We know of no published data across age for the age ranges in this study for the other metals we analyzed.
The pairwise correlations among As, Hg, and Se suggest that fish may be a significant source of exposure in common for these metals, and the increase in As, Hg, and Se with age may represent increased fish intake between 1 and 5-6 years of age. Over 90% of Hg in blood is typically in the form of methyl Hg (NRC, 2000) , and is presumed to come from fish and shellfish intake. Our finding that blood levels of Hg were similar to those from NHANES suggest that young Maine children are not at increased risk for Hg exposure from fish compared with the general US population, unlike the increased blood Hg concentrations observed in women of child-bearing age living along the coast or in the northeast (Mahaffey et al., 2009 ). However, these regional patterns have not been studied in young children.
Fish and shellfish are also the major sources of As from food (Ysart et al., 1999; Leblanc et al., 2005 ). Fish contains the highest level of Se, although other foods also contain Se (Ysart et al., 1999; Leblanc et al., 2005) . In this study, the correlations between As and Hg and As and Se are relatively robust, whereas the correlation between Hg and Se is much weaker. Se is found in many foods in addition to fish, so the weak correlation with Hg is not unexpected, although Hg and Se concentrations were found to be correlated in cord blood in a study of a fish-eating population (Choi et al., 2008) . However, this explanation is inconsistent with the finding of the high correlation between As and Se. Fish contains arsenobetaine and other organic compounds, which are readily excreted unchanged and are believed to be less toxic (Sakurai et al., 2004; Borak and Hosgood, 2007 ). We did not speciate As in blood, and therefore have no information on the relative contribution of organic forms of As such as arsenobetaine and arsenocholine. These forms were reported to be a relatively small fraction of total As in urine of children age 6-11 years (CDC, 2009) . Our group has similar unpublished data for speciated urine levels of As in children age 2-6 years, from a study of residual exposure to As in well water for homes with treatment systems in the kitchen sink. In this study of 129 children under age 7 years, o15% of total urinary As was associated with arsenobetaine Table 5 . Concentration (mg/l) of metals in blood by region F geometric mean (95% CI). Cd and U were detected in fewer than 40% of samples; therefore means were not calculated. Values with the same superscript are not statistically different from each other. Table 6 . Concentration (mg/l) of metals in blood by season F geometric mean (95% CI). Blood metals in 1-to 6-year-old children Rice et al.
and arsenocholine. This suggests that most of the As in blood in this study is unlikely to come from fish.
Regional differences in metals in blood were observed for As and Sb only. Both metals are known to occur naturally in ground water in Maine, and residents in Maine have among the highest per capita use of private wells for drinking water in the US Statewide, approximately 10% of private wells have As levels above the federal drinking water standard of 10 parts per billion (p.p.b.) (Loiselle et al., 2001) . It is noteworthy that the region with the lowest average levels of As in children's blood (region 3) is also the region with the lowest prevalence of private wells with As levels above 5 p.p.b. The estimated prevalence of wells with 45 p.p.b. As are 38%, 17%, 11%, and 14% for regions 1, 2, 3, and 4, respectively (based on data from Loiselle et al., 2001) . Similar statewide data do not exist for Sb, although elevated levels of Sb have been reported in both public water supplies relying on well water as well as private domestic wells. Reports of Sb in public water supply wells are predominately from systems located in regions 1, 3, and 4, primarily region 3 (Maine SDWIS, 2010) . Reports of elevated levels of Sb in private wells (routinely forwarded to Maine Environmental and Occupational Health Program for follow-up by the State Public Health Laboratory), although rare, have also been primarily from regions 3 to 4. These observations are consistent with region 2 having a low prevalence of well water with elevated levels of Sb, as well as the lowest levels of blood Sb among children in our study. This presents an interesting hypothesis for future study on the correlation between water Sb levels and blood or urine Sb levels among individuals in Maine.
There did not seem to be a strong seasonal pattern for the metals we measured. The essential metals Mn and Se were highest in summer, perhaps as a result of intake of fresh produce. Levels of Hg did not seem to have strong seasonal variability, suggesting that fish is consumed year round. Presumably most is store-bought, but levels may also reflect freezing of sport-caught fish. The reason that As was highest in spring and summer and Sb was highest in summer and fall is unknown, but may in part reflect increase in water intake during warm weather. The observed correlation between Se and Mn may reflect homeostatic processes related to these trace essential elements (Burk and Levander, 1999; Aschner and Aschner, 2005; Roth, 2006) , and may not be related to exogenous exposure per se.
A reason for the correlation between Sb and U is unknown. Sb is present in a number of plants as well as in meat and fish, and is a constituent of organohaline flame retardants and other products (van Velzen and Herb, 1998) . U may also be present in plants and animals in low concentrations, particularly in contaminated areas (Thomas et al., 2005) . Both contaminants occur naturally in ground water in Maine, although their joint occurrence in groundwater has not been evaluated. It is tempting to speculate that the correlation between Cd and Sb is the result of exposure of some of these young children to second-hand tobacco smoke, although the correlation is not particularly strong. Diet is considered a major route of exposure to Cd, although smoking is also a source of exposure, with smokers having higher urinary levels than non-smokers (Richter et al., 2009) . Sb is also a constituent of tobacco smoke, and Richter et al. (2009) reported that non-smokers exposed to second-hand tobacco smoke had higher urinary levels of Sb than those not exposed, and smokers had higher levels than non-smokers, although they did not find significantly higher levels of Cd in urine of children exposed to second-hand smoke. As is also found in cigarette smoke, and we found a statistically significant but weak relationship between As and Cd. Children of smokers have elevated As levels compared with children of non-smokers (Thaqi et al., 2005; Florescu et al., 2007; Puig et al., 2008) .
The only metal with a toxicity value based on a concentration in blood is Hg, specifically methyl Hg. The blood Hg concentration associated with the EPA reference dose (RfD) is 5.8 mg/l in maternal blood as a predictor of potential adverse effects in the offspring. In our study, the upper confidence interval for the 95th percentile was 1.99 mg/l, suggesting that most Maine children are not at undue risk from methyl Hg exposure. The EPA RfD for Se is associated with a blood concentration in adults of 1.35 mg/l, an order of magnitude higher than values in this study.
In conclusion, the use of samples submitted to the Maine State Health and Environmental Testing Laboratory for blood lead analysis provided a convenient and cost-effective mechanism for determining the concentrations of other metals in the blood of young children. On the basis of the two metals for which comparable data were also available from NHANES, it seems that the population assessed in this study is representative of the population of young children in Maine. The results of this study provide information on the potential exposure of Maine children to toxic metals and reassurance that most children are not being unduly exposed. This efficient leveraging of existing biomonitoring programs may prove practical for other states and municipalities as well.
